INTRODUCTION
============

Shiga-like toxin (Stx)-producing enterohaemorragic *Escherichia coli* (EHEC) strains have been recognized as emerging food-borne pathogens that cause bloody diarrhea, hemorrhagic colitis and, in some cases, hemolytic uremic syndrome (HUS), with high mortality rates mainly among children and elderly people ([@b13],[@b18]). There is neither a vaccine nor an effective treatment to avoid EHEC infection or HUS control ([@b9]) but, given the importance of Stx in the EHEC-associated diseases, several attempts to use Stx toxoids or the Stx B subunit (Stx2B) have been reported ([@b1],[@b3],[@b11],[@b12], [@b20],[@b22]).

*Bacillus subtilis* strains have been engineered to express different antigens as live recombinant vaccine vehicles delivered via the oral route either as spores or vegetative cells ([@b5],[@b6],[@b8],[@b16], [@b17],[@b21]). Previous attempts to express the B subunit of heat labile toxin (LTB), produced by enterotoxigenic *E. coli* (ETEC) strains, have demonstrated that orally delivered *B. subtilis* vaccine strains may elicit protective systemic antibody responses to a lethal toxin challenge in mice ([@b17]). These results suggest that EHEC vaccines based on Stx2B-expressing *B. subtilis* strains may be feasible. Therefore, the aim of the present study was to evaluate the immunogenicity and potential protective effects of Stx2B-producing *B. subtilis* strains as a vaccine strategy against EHEC infection.

MATERIALS AND METHODS
=====================

*Bacterial strains and growth conditions.* The bacterial strains used in the present study are described in [Table 1](#tbl1){ref-type="table"}. All bacterial strains were routinely cultivated in Luria-broth (LB) with added neomycin (25 μg/mL) and chloramphenicol (10 μg/ mL), for *B. subtilis,* or ampicilin (100 μg/mL), for *E. coli*. Sporulation of *B. subtilis* strain was induced in Difcosporulation media (DSM) using the previously described exhaustion method ([@b14]). Chemical competent *E. coli* cells were prepared with CaCl~2~ treatment, according to a standard protocol ([@b19]), while spontaneously induced *B. subtilis* competent cells were obtained according to the two-step transformation method ([@b4]).

###### 

Bacterial strains used in the present study.

  Bacterial strain    Main characteristics
  ------------------- -------------------------------------------------------------------------------------------------------------
  B.subtilis WW02     *leuA8 metB5 trpC2hsrdRM1 amyE::neo*
  B. subtilis LDV4    WW02 carrying pHCMC03
  B. subtilis LDVP1   WW02 carrying pLDV4 (Stx2B under control PgsiB)
  E. *coli* DH5α      *recA1 endA1 gyrA96 glnV44=supE44 relA1 deo R A.(lacZargF)U169 hsdR17 thi-1λ^-^ j80dlac A. (lacZ) m15 F^-^*

Plasmid construction
--------------------

The entire *stx2* coding sequence (without the signal peptide coding sequence) was amplified by PCR using total DNA extracted from *E. coli* O157:H7 EDL 933 strain, as template, and primers F1 (5'TCTGTTAAT[AGATCT]{.ul}ATGGCGGATTGTG - 3') and R1 (5' CGAATCA[GACGTC]{.ul}GCCTCAGTCATTATT - 3') containing the *Bgl*II and *Aat*II restriction sites (underlined sequences), respectively. The resulting 229 bp fragment was cloned into the shuttle pHCMC03 vector ([@b15]) previously cleaved with *Bam*HI and *Aat*II restriction enzymes. The recombinant plasmid construction was confirmed by restriction analysis and automated DNA sequencing and named pLDVP1. It expresses the Stx2B subunit, accumulated as an intracellular protein, under the control of the stress inducible sigma B-dependent promoter derived from the *B. subtilis gsiB* gene ([@b15]). The pLDVP1 plasmids were replicated in competent *E. coli* DH5a cells and, then, transferred to *B. subtilis* WW02.

Detection of Stx2B by SDS-PAGE and immunoblots
----------------------------------------------

SDS-PAGE and immunoblots of recombinant *B. subtilis* strains, as well as purified Stx2B, were carried out by previously reported procedures ([@b16],[@b17]). Detection of Stx2B in immunoblots was carried out with a mouse anti-Stx2B serum generated in the laboratory with recombinant affinity purified Stx2B produced in *E. coli* and an anti-mouse IgG peroxidase conjugate (Sigma).

Preparation of B. subtilis spores
---------------------------------

Sporulation of *B. subtilis* was carried out with the exhaustion method, as previously described ([@b14]). Cultures were harvested 48 h after sporulation onset, followed by temperature and lysozyme treatment to inactivate any residual vegetative cells ([@b16]). Viable spores were titered for viable particles and, then, stored at -20ºC until use.

Immunizations regimens
----------------------

Female BALB/c mice were supplied by the isogenic mouse breeding facility of the Department of Parasitology, Biomedical Sciences Institute (ICB), University of São Paulo. All animal handling was in accordance to the rules defined by the Institute of Biomedical Sciences ethics committee for use of laboratory animals. Groups of at least five 10 weeks old mice were inoculated via the oral (p.o), nasal (i.n) or subcutaneous (s.c.) routes with vegetative cells or spores of the *B. subtilis* strains. For the p.o. administrations, aliquots (0.5 ml) containing vegetative cells (10^10^ CFU) or spores (10^9^ CFU) were delivered with a stainless-steel round tip gavage cannule in three consecutive daily doses at days 1, 2, 3, 14, 15, 16, 28, 29, 30 and 42, 43, 44. Mice received (0.5 ml) 0.1M sodium bicarbonate solution 30 min before administration of bacteria and spores. The i.n. and s.c administrations were performed with 20 μl (containing 10^8^ CFU) and 200 μL (containing 10^9^ CFU), respectively, at days 1, 14, 28 and 42. *B. subtilis* cultures were incubated for 2 h at 45ºC during exponential growth in order to activate Stx2B expression under the control of the *gsiB* promoter ([@b16]). Blood and fecal samples were collected one day before each immunization, corresponding to 0, 13, 27 and 41 and ten days after the last immunization (day 55). Individual blood samples were collected, pooled and, then, stored at -20ºC for further testing. Fecal material was first freeze-dried and stored at -20ºC further testing.

ELISA
-----

Anti-Stx2B antibody responses were measured in 96-well Maxisorp (Nunc) microtiter plates coated overnight at 4ºC with recombinant Stx2B protein at a concentration of 1 μg/ml in phosphate buffered saline (PBS). The ELISA procedure was accomplished according to previously published methods ([@b3],[@b16]).

In vitro and in vivo Stx2 neutralization test
---------------------------------------------

Stx2 whole cell extracts were prepared with the *E. coli* JM109 strain transformed with a plasmid carrying the native *stx2* operon cloned into the *EcoRI* site of pGEMT-EASY. *In vitro* anti-Stx neutralization activity of sera harvested from mice immunized with the *B. subtilis* vaccine strain was determined following incubation of recombinant Stx2 with serial dilutions of each tested serum sample for 1 h at 37ºC followed by 1 h at 4ºC. The mixtures were transferred to microplates seeded with Vero cells and incubated for 48 h at 37ºC. The Stx cytotoxic effects were determined after crystal violet staining of live cells, according to the previously described procedure ([@b3]). A control Stx2 serum, raised in rabbit inoculated with the native Stx2 toxin, was kindly provided by Dr. Roxane M. F. Piazza, from Butantan Institute (São Paulo, Brazil). *In vivo* Stx2 neutralization tests were carried out after intravenous injection of native Stx2 (3 x LD~100~) into the retro-orbital plexus of BALB/c mice after incubation with anti-Stx2B sera harvested from mice submitted to different immunization regimens with the *B. subtilis* LDVP1 and LDV4 vaccine strains, using the same conditions cited above. Stx2 lethal challenges (3 x LD~100~) were performed with BALB/c immunized with vegetative cells or spores of the *B. subtilis* vaccine strains delivered via p.o. or s.c. routes under the immunization regimens described above.

RESULTS
=======

The Stx2B coding sequence, without the signal peptide encoding sequence, was amplified from the genomic DNA of an EHEC O157:H7 strain and cloned into the *B. subtilis* pHMC03 expression vector. The amount of Stx2B produced by the recombinant *B. subtilis* LDVP1 strain was monitored in western blots developed with an anti-Stx2B serum raised in mice immunized with a recombinant Stx2B produced in *E. coli*. The amount of Stx2B produced by vegetative cells or spores of the LDVP1 strain was bellow the detection limit of the assay, which corresponded to 125 ng of antigen in 10^6^ vegetative cells.

The immunogenicity of the *B. subtilis* LDVP1 strain was evaluated in BALB/c mice after administration of vegetative cells or spores via two mucosal (p.o. and i.n.) and one parenteral (s.c.) inoculation routes ([Fig. 1](#fig1){ref-type="fig"}). As shown in [Fig. 1A](#fig1){ref-type="fig"}, kinetics of the anti-Stx2B serum IgG responses elicited in mice immunized with the *B. subtilis* LDVP1 strain ranged from undetectable levels to reverse titers of approximately 120. Higher anti-Stx2B titer in mice immunized with LDVP1 vegetative cells were recorded in mouse groups immunized with four doses via the p.o. route, while higher anti-Stx2B serum IgG titers were recorded in mice immunized with two spore doses delivered via the s.c. route (titer of approximately 170), as shown in [Fig. 1B](#fig1){ref-type="fig"}, or via the i.n. route (titer of approximately 90), as shown in [Fig. 1C](#fig1){ref-type="fig"}. Secreted fecal anti-Stx2B IgA responses were detected only in mice orally immunized with three (titer of approximately 250) or four (titer of approximately 100) doses of vegetative cells of the *B. subtilis* LDVP1 strain, as shown in [Fig. 1D](#fig1){ref-type="fig"}. These results indicate that, in spite of the low (vegetative cells) or null (spores) antigen loads, the *B. subtilis* LDVP1 strain elicited specific anti-Stx2B antibody responses in BALB/c mice immunized via different immunization routes.

![Induction of anti-Stx2B serum (IgG) and fecal (IgA) responses elicited in BALB/c mice immunized via differents routes with the recombinant *B. subtilis* LDVP1 vaccine strain. Anti-Stx2B systemic (serum) IgG (A, B, C) and secreted (fecal) IgA (D) responses were measured in female BALB/c mice immunized via p.o. (A), s.c.(B) or i.n. (C) administration routes. Anti-Stx2B fecal IgA responses were detected only in mice immunized via the p.o. administration route (D). Mice were immunized with vegetative cells (□) or spores (![](bjm-40-333-ug001.jpg)) of the *B. subtilis* LDVP1 strain. All values were deducted with those measured in negative control mice immunized with the *B. subtilis* LDV4 strain. Arrows indicate the days in which the vaccine doses were administered. Values represented anti-Stx2B titers measured in serum pools of four animals per immunization group and represented by means ± SE.](bjm-40-333-g001){#fig1}

Pathogen-neutralizing Stx2B-specific antibody responses must provide complete protection to Stx2 cellular damages. In order to evaluate the anti-Stx neutralization activity of serum antibodies raised in mice immunized with the *B. subtilis* LDVP1 vaccine strain, we tested serum pools with anti-StxB antibodies in toxin neutralization tests carried out *in vitro* with cultured Vero cells and *in vivo* with BALB/c mice challenged with native Stx2 previously incubated with serum pools harvested from mice immunized with recombinant *B. subtilis* cells or spores ([Table 2](#tbl2){ref-type="table"}). Serum harvested from mice immunized with *B. subtilis* LDVP1 vegetative cells or spores did not show Stx2 neutralization activity following incubation with the native holotoxin. As a positive control, we tested an anti-Stx2 serum raised in rabbit immunized with the Stx2. Similar results were also observed under *in vivo* conditions.

###### 

*In vitro* and *in vivo* anti-Stx2 neutralization activity of serum antibodies raised in mice immunized with the recombinant *B. subtilis* vaccine strains.

  Serum [^a^](#tf2-1){ref-type="table-fn"}   IgG titers[^b^](#tf2-2){ref-type="table-fn"}   Dilution of serum activity[^c^](#tf2-3){ref-type="table-fn"}   *In vitro* Neutralizing   *In vivo* Neutralizing activity [^d^](#tf2-4){ref-type="table-fn"}
  ------------------------------------------ ---------------------------------------------- -------------------------------------------------------------- ------------------------- --------------------------------------------------------------------
  LDV4 cells                                 0                                              1:5                                                            −                         0/3
  LDVP1 cells                                117                                            1:5                                                            −                         0/3
  LDVP1 spores                               166                                            1:5                                                            −                         ND [^e^](#tf2-5){ref-type="table-fn"}
  Stx2                                       40,136                                         1:100                                                          ND                        3/3
                                                                                            1:300                                                          \+                        ND
                                                                                            1:1,000                                                        \+                        3/3
                                                                                            1:10,000                                                       ND                        0/3

Tested serum samples: LDV4 cells and LDVP1 cells, serum pools harvested from mice p.o. immunized with four doses (10^10^ vegetative cells/each dose) of *B. subtilis* LDV4 and LDVP1 strains, respectively; LDVP1 spores, sera harvested from mice s.c. immunized with two doses (10^9^ spores/each dose) of the *B. subtilis* LDVP1 strain; Stx2, anti-Stx2 serum raised in rabbits following parenteral inoculation of enriched Stx2 toxoids preparations;

Serum anti-Stx2B IgG titers represented as values recorded with serum pools harvested from mice submitted to different immunization regimens;

*In vitro* anti-Stx2 neutralization effects measured in Vero cells incubated in the presence of native Stx2 toxin previously incubated with the tested sera. -, no anti-Stx2 neutralizing activity; +, 100% anti-Stx2 neutralization activity; ND, not done;

Survival of BALB/c mice challenged with a lethal load of native Stx2 toxin. Values expressed as number of survivors/total number of inoculated mice;

ND, not done.

As a final evaluation of the Stx neutralization activity of serum antibodies raised in mice immunized with the *B. subtilis* LDVP1 strain, mice vaccinated with vegetative cells (p.o.) or spores (s.c.) were challenged with a lethal Stx2 load. Mice were i.v. challenged with Stx at time points corresponding to the highest anti-Stx2B titers determined in IgG-ELISA, but none of them survived longer than control mice immunized with the *B. subtilis* LDV4 strain (data not shown).

DISCUSSION
==========

The present report describes for the first time the use of a genetically modified *B. subtilis* strain as a live vehicle for the expression of Stx2 B subunit as potential a vaccine approach against EHEC O157:H7, and other Stx2-producing EHEC strains. Our results clearly show that, despite the low immunogenicity of the target antigen, mice immunized with either *B. subtilis* vegetative cells or spores, develop specific systemic (serum IgG) and secreted (fecal IgA) anti-Stx2B responses.

Nonetheless, serum anti-Stx2B antibodies raised in mice immunized with the recombinant *B. subtilis* strain did not inhibit the toxic effects of the native toxin, both under *in vitro* and *in vivo* conditions, suggesting that the recombinant protein expressed by the vaccine vector lost important epitopes required for the generation of antibodies able to effective neutralize Stx2 produced by EHEC strains and/or that the generated antibodies did not achieve a minimum concentration required for effective binding and neutralization of the native toxin.

*In vitro* expression of Stx2B by recombinant *B. subtilis* vegetative cells was under the detection limit of the tested experimental conditions. This finding may be reasoned by the reduced *in vitro* expression of Stx2B by recombinant *B. subtilis* cells and the relatively low sensitivity of the detection method. Under our experimental conditions Stx2B is expressed by vegetative cells in amounts lower than previously detected with the ETEC LTB ([@b16],[@b17]). The anti-Stx2B sera employed to monitor the antigen in bacterial extracts detected a minimum of 120 ng of Stx2B toxin, while other sera, such as those previously used to quantify LTB, had a higher sensitivity ([@b16],[@b17]). Additionally, the low immunogenicity of Stx2B, under different vaccine formulations, has been previously reported ([@b1],[@b2],[@b3],[@b11],[@b12]). Thus, it is possible that either the low amount of Stx2B produced by the *B.subtilis* vaccine strains and/or the reduced immunogenicity of the protein contributed to the low antibody levels detected in serum and fecal samples collected from vaccinated mice. Further improvements of the *B. subtilis* vaccine strains might consider expression of the StxB-encoding gene under control of stronger constitutive promoters and expression of the recombinant peptide attached to the cell wall or secreted to the extracellular medium ([@b17]). In addition, recent findings demonstrated that recombinant *B. subtilis* efficiently boost secreted and systemic specific antibody responses in mice previously primed with DNA vaccines encoding the same antigen ([@b10]), an alternative currently under investigation to improve the protective potential of this vaccine strategy.

Stx2B-specific serum antibody responses elicited in mice immunized with cells or spores of the LDVP1 strain did not confer protective immunity to Stx2. The lack of Stx2 neutralizing activity in serum samples of mice immunized with the *B. subtilis* vaccine strains may be explained either by the low anti-Stx2B titers or altered specificity of the induced antibody responses. Since the recombinant protein expressed by vegetative cells or germinating spores accumulated into the cytoplasm of the vaccine strain, the Stx2B monomers are not expected to assume the conformation required to holotoxin assemblage, thus, restricting the repertoire of epitopes recognized by the induced antibodies. Similar findings have been reported for antibodies raised in mice immunized with *B. subtilis* expressing the protective antigen of *B.* *anthracis* ([@b7]). Therefore, improvement of anti-Stx2B antibody epitope specificity in mice immunized with *B. subtilis* vaccine strains may consider the expression of a secreted form of the antigen or fusion of Stx2B with a carrier protein allowing secretion and correct conformation of the encoded peptide.
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RESUMO
======

Resposta de anticorpos obtidas em camundongos imunizados com linhagens vacinais de *Bacillus subtilis* expressando a subunidade B da Stx2 de *Escherichia coli* O157:H7 enterohemorrágica
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Até o presente o momento, não há vacina ou imunoterapia disponível para pacientes com Síndrome Hemolítica Urêmica (SHU) induzida pela toxina Shiga-like (Stx) produzida por linhagens de *Escherichia coli* entero-hemorragica (EHEC), tais como as pertencentes ao sorotipo O157:H7. Neste trabalho, avaliamos a performance de *Bacillus subtilis,* uma espécie bacteriana gram-positiva não-patogênica formadora de esporos, como veículo vacinal para a expressão da subunidade B da Stx2B (Stx2B). Uma linhagem vacinal recombinante de *B. subtilis* expressando Stx2B, sob o controle de um promoter induzível por estresse, foi administrada a camundongos BALB/c por via oral, nasal ou subcutânea usando células vegetativas e esporos. Camundongos imunizados com células vegetativas e esporos pela via oral desenvolveram títulos anti-Stx2B baixos, mas específicos, de IgG sérico e IgA fecal, enquanto camundongos imunizados com esporos recombinates desenvolveram resposta anti-Stx2B apenas após a administração pela via parenteral. No entanto, anticorpos produzidos em camundongos imunizados com a linhagem recombinante de *B. subtilis* não inibiram os efeitos tóxicos da toxina nativa em condições *in vitro* e *in vivo,* sugerindo que a quantidade e/ou a qualidade da resposta imune gerada não suportam uma neutralização efetiva da Stx2 produzidas por linhagens de EHEC.
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